The complete nucleotide sequence of the plastid genome of the haptophyte Emiliania huxleyi has been determined. E. huxleyi is the most abundant coccolithophorid and has a key role in the carbon cycle. It is also implicated in the production of dimethylsulphide (DMS), which is involved in cloud nucleation and may affect the global climate. Here, we report the plastid genome sequence of this ecologically and economically important species and compare its gene content and arrangement to other known plastid genomes. The genome is circular and consists of 105,309 bp with an inverted repeat of 4,841 bp. In terms of both genome size and gene content E. huxleyi cpDNA is substantially smaller than any other from the red plastid lineage. The genetic information is densely packed, with 86.8% of the genome specifying 110 identified protein-coding genes, 9 open reading frames, 28 different tRNAs, and 3 rRNAs. A detailed comparison to other plastid genomes, based on gene content, gene function, and gene cluster analysis is discussed. These analyses suggest a close relationship of the E. huxleyi cpDNA to the chlorophyll c-containing plastids from heterokonts and cryptophytes, and they support the origin of the chromophyte plastids from the red algal lineage.
Oxygenic photosynthesis arose once in the cyanobacteria. Later in evolution, several unrelated lineages of non-photosynthetic eukaryotes acquired this capability by engulfing a photosynthetic organism and keeping it as a permanent endosymbiont. In modern organisms, the highly reduced descendents of these endosymbionts are the cellular organelles known as plastids (or, in green plants, chloroplasts). Depending upon the group in question, plastids were acquired through a process of primary, secondary or tertiary endosymbiosis.
1 Primary endosymbiosis is the process by which a photosynthetic prokaryote (cyanobacterium) was engulfed and integrated into a non-photosynthetic eukaryotic host cell. Three photosynthetic eukaryotic lineages, namely red algae, green algae and glaucophytes, possess primary plastids, all of which may be derived from a single endosymbiotic event.
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In secondary endosymbiosis, a non-photosynthetic eukaryotic host cell acquired a photosynthetic eukaryote from the green or red algal lineages. Four photosynthetic lineages, including haptophytes, dinoflagellates, cryptophytes and heterokonts, contain secondary plastids with chlorophyll c (chl c) as a main photosynthetic pigment.
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These plastids are thought to have been acquired from the red algal lineage, 1,3 and we will refer to them together with the plastids from the red algae as "red plastids."
During the process of organelle genome reduction, most of the genes of the endosymbiont were transferred to the nuclear genome of the host, while many others were lost and only a few remained as the plastid genome. 4 More than thirty "green plastid" genomes of members of Chlorophyta and Embryophyta, including secondary plastids of Euglenoids, have been sequenced. Only six plastid genomes from the red plastids (four from red algae, and two from chl c-containing algae) have been sequenced to date (Supplemental Information Table 1 , http://www.dna-res.kazusa.or.jp/ 12/2/07/supplement/supplement t1.html). The plastid genome of dinoflagellates has been characterized in different peridinin-containing dinoflagellates, although they are far from being understood. Plastid genes in dinoflagellates have been found to be located in the plastid or in the nucleus in minicircles containing only 1-3 genes.
5,6
The haptophytes are the last major group of algae whose plastid genome has remained essentially uncharacterized.
The haptophyte Emiliania huxleyi (Lohmann) Hay & Mohler is the most abundant of the coccolithophorids, and one of the dominant marine calcifying phytoplank-ton species. Coccolithophorids are responsible for a significant amount of biogenic carbonate precipitation and are among the major contributors to marine primary production.
7 Despite its ecological, economical and evolutionary importance, 8, 9 until recently little was known about the molecular genetics of this alga. Lately, however, E. huxleyi has been the focus of several genomic studies, including an EST project that emphasized the molecular mechanisms of biomineralization and coccolithogenesis, 10 the complete sequence of the mitochondrial genome including analyses of the phylogenetic relationships of this alga, 11 and an ongoing nuclear genome sequencing project of this species (Betsy Read pers. comm.). Here, we report the complete sequence of the chloroplast DNA (cpDNA) of the haptophyte E. huxleyi, and a description of the main features and comparison of gene content, order, and functions to other plastid genomes. The complete nucleotide sequence and study of the plastid genome of the haptophyte E. huxleyi is important to have a better understanding of plastid genome evolution, to learn more about the pattern of gene transfer to the nucleus in photosynthetic organisms, to examine the genetic properties of the plastid genome, and to investigate the evolution of the chl c-containing plastid and host cells.
Overall organization of E. huxleyi cpDNA
The plastid genome of E. huxleyi consists of a circular molecule of 105,309 bp and it represents the smallest plastid genome among the red plastids so far studied. Figure 1 depicts the physical and gene map of the cpDNA. The plastid genome contains an inverted repeat (IR) of 4,841 bp, including genes encoding three subunits of ribosomal RNA (16S, 23S, and 5S rRNA) and two transfer RNAs (trnI and trnA). A small single copy (SSC) and a large single copy (LSC) of 11,183 bp and 84,444 bp, respectively, separate the inverted repeat. The 23S rDNA gene is closest to the SSC, as is the case in the plastid genomes of most land plants, 12 the heterokont Odontella sinensis and the cryptophyte Guillardia theta, but opposite to the plastid genome arrangement of the fern Adiantum capillus-veneris. The inverted repeats differ in three nucleotides located in non-coding regions. Inverted repeats are present in the cpDNAs of some members of the red algae, such as Porphyra yezoensis 13 but are absent in many others, such as Porphyra purpurea, Cyanidioschyzon merolae and Cyanidium caldarium cpDNAs, which contain direct repeats. All known chromophyte plastid genomes contain an inverted repeat. O. sinensis contains an IR of 7,725 bp, which includes the rRNA operon and the genes ycf32 and rpl32, while G. theta contains an IR of ca. 4,900 bp including only the rRNA operon. These data raise the question of whether the presence of an inverted repeat is ancestral in the red algal lineage and in the chromophyte plastids. To answer this question will require more cpDNA data from the red algae and chromophytes. Furthermore, accurate reconstruction of such ancestral character states will only be reliable when the red algal lineage(s) that were the source of the chromophyte plastids have been identified with confidence.
The overall G+C content is 36.8%, with protein-coding regions being 37.4% G+C and intergenic spacers 24% G+C. This base composition is comparable to that of C. merolae (37.6%) and G. theta (33%) but is higher than that of Chaetosphaeridium globosum (29.6%) and Physcomitrella patens (28.5%). The genetic information is densely packed, with 86.8% of sequences specifying genes, ORFs and structural RNAs, and only13.2% without detectable coding content. Intergenic regions vary in size from 1 to 349 bp, with the majority being 1-100 bp long. The distribution of intergenic regions is similar to that of the plastid genomes of G. theta and O. sinensis. Only one case of overlapping genes was detected, in contrast to the high number of overlapping genes in the plastid genome of the red alga C. merolae. The genes psbC and psbD in E. huxleyi cpDNA share an overlapping region of 52 bp. The same two genes overlap by 92 bp in the plastid genome of the red alga Gracilaria tenuistipitata.
Codon usage and transfer RNA genes
The cpDNA of E. huxleyi uses the standard genetic code, with three translation termination codons (TAA, TAG, TGA). Codon frequency in genes and ORFs of E. huxleyi cpDNA are shown in Supplemental Information Table 2 , http://www.dna-res.kazusa.or.jp/ 12/2/07/supplement/supplement t2.html. As expected for an extremely A+T-rich genome, codons ending in A or T vastly outnumber the synonymous codons ending in G or C. No in-frame ATG start codon is present in a number of genes in E. huxleyi cpDNA. Protein alignments suggest that GTG may serve as the codon for translation initiation in genes psbE, psbZ, rbcR, rpl33, rps3, and ycf27. This has been reported for the plastid genomes of several different organisms such as C. caldarium and O. sinensis, although not referring to the same genes.
The plastid genome contains 28 tRNAs that are scattered throughout the entire genome, either singly or in groups, and all lack introns (Fig. 1) . This set of plastidencoded tRNAs is sufficient to decode the 62 sense codons that occur in protein-coding sequences, when taking into account wobble and the possible modifications of their anticodons.
No has been deposited in GenBank (AY741371). Cultivation and DNA sequencing were as described for the mitochondrial genome. 11 The annotation of the genome was performed using DOGMA. 25 Genes drawn outside the circle are transcribed clockwise, those inside counterclockwise. Small single copy (SCC), large single copy (LSC), and inverted repeats (IRa, IRb) are indicated. The origin for numbering of the GenBank record (O) is the first nucleotide of IRa, and numbering proceeds clockwise. Genes are colored depending on their functional categories as indicated.
lists all the genes and ORFs by gene function present in E. huxleyi cpDNA. This represents the smallest number of genes in the red plastid genomes, which are characterized by the presence of a more comprehensive set of genes compared to the green algal and glaucophyte plastid genomes (see below). None of the protein-coding genes contain introns. This is consistent with the other six red plastids, although introns are present in the plastid genomes of the euglenophyte Euglena gracilis, the chlorophyte Chlorella vulgaris, the flowering plants Nicotiana tabacum and Oryza sativa, and the liverwort Marchantia polymorpha. In addition to protein-coding genes, two copies of the genes encoding for the three subunits of ribosomal RNA, namely small subunit (rns), large subunit (rnl) and the 5S rRNA (rn5), are present in the E. huxleyi plastid genome. We searched for unique open reading frames (ORFs) longer than 30 codons starting with the ATG initiation codon. Nine ORFs were present that lack significant similarity to any entry in the public domain sequence databanks. The names of the ORFs correspond to the number of amino acids in the putative protein encoded by that gene. 
Comparison of gene content and function among all plastid genomes
Comparisons among all known plastid genomes from a wide range of photosynthetic eukaryotes have been made, and the gene content of six of those plastid genomes has been included in Fig. 2 . Gene content of the plastid genomes of the three primary plastid lineages (red algae, green algae and glaucophytes), and the chl c-containing algae (heterokonts, cryptophytes and haptophytes), are shown. Peridinin-containing dinoflagellates appear to have undergone an extreme organellar genome reduction and only a few genes thought to be in the chloroplast genome have been identified. We included the 12 distinct minicircle genes that have been described to date (from several different dinoflagellates).
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Figure 2 also shows the genes colored by functional category. Eight functional categories have been defined. "Photosynthesis" includes genes involved in light absorption, such as subunits of the photosystem I and II, and genes encoding phycobilisome proteins, among others. The functional category named "Energy metabolism" includes genes encoding proteins involved in the electron transport chain, ATP synthesis, and pyruvate and acetyl-CoA metabolism. "Translation" refers to all genes encoding for proteins related to protein synthesis, namely ribosomal proteins, and initiation and elongation factors. "Transcription" includes RNA polymerases and transcriptional regulators. The category named "Biosynthesis" holds genes involved in biosynthesis of amino acids, cofactors, fatty acids, chlorophyll, and carbohydrates. Genes encoding for proteins in charge of cell transport are listed under "Transport." "Cell processes" is a diverse category including genes involved in cell division, septum site determination, protein folding, secretion pathways, detoxification, and degradation, among others. Hypothetical proteins (ycf genes and ORFs) are listed as "Hypothetical."
Excluding dinoflagellates, a core set of 45 genes (all plastids core set, Fig. 2 ) is present in all 36 photosynthetic plastid genomes sequenced to date (Supplemental Information Table 1 , http://www.dna-res.kazusa.or.jp/ 12/2/07/supplement/supplement t1.html). This core set of genes has been noted before, 4, 16, 17 and its composition remains fairly constant despite the addition of several new genomes. These genes represent several functional categories, but the majority are involved in the processes of photosynthesis, electron transfer and protein synthesis. It was suggested that the expression of genes involved in key roles in electron transport and energy coupling is regulated tightly through redox potentials generated by the same electron transfer. 18, 19 Therefore, the genes encoding these proteins are required to be in the organelle to be able to respond rapidly to maintain redox balance, [18] [19] [20] and this could explain the retention of genes in the organelles. The type of genes retained in all plastid genomes ("all plastid core set") is consistent with this hypothesis.
A more comprehensive set of 93 genes is retained in all known photosynthetic red plastid genomes ("red plastids core set," Fig. 2 ), including those of red algae, cryptophytes, heterokonts and haptophytes, but excluding the extremely reduced plastid genme of dinoflagellates. Most of these genes are involved in photosynthesis, electron transport, and translation, among other cellular processes. This similarity in gene content among the red plastids supports the hypothesis that haptophyte, cryptophyte and heterokont plastids are related, and were obtained from the red lineage. The number of genes retained in the red plastid genomes is higher than that of all photosynthetic "green" plastid genomes, including plants, green algae, and euglenophytes. The "green plastids core set" represents 47 genes (Fig. 2) , and 50 (including clpP, petA and ycf3) when the secondary plastids of euglenophytes are excluded. This could be a consequence of the higher number of green plastid genomes that have been sequenced compared to the number of red plastid genomes (32 vs. 7, Supplemental Information Table 1 , http://www.dna-res. kazusa.or.jp/12/2/07/supplement/supplement t1.html).
Overall, the plastid genomes of the green lineage contain more genes involved in energy metabolism (NADH plastoquinone oxidoreductase subunits, in particular) compared to the red plastid genomes. In contrast, plastid genomes of the red lineage contain more genes related to translation (mostly ribosomal proteins), biosynthesis of amino acids, fatty acids, pigments, and a variety of cell processes.
Cluster analysis
Comparison of gene order in sequenced plastid genomes provides a powerful tool for inferring events in plastid evolution, 21 and provides insights into evolutionary affiliations among algae. We examined the organization of genes in a number of plastid genomes by gene cluster analysis. Plastid genomes of the chl c-containing algae have undergone major rearrangements since the acquisition of the secondary plastids from the red lineage. Only two widely conserved gene clusters were found (Supplemental Information Fig. 1 , http://www.dna-res. kazusa.or.jp/11/5/07/supplement/supplement f1.html), and only one of which is conserved in E. huxleyi cpDNA.
The most widely conserved cluster consists of the genes in the ribosomal operon and the gene order observed in the cyanobacterium Synechocystis sp. PCC 6803 is conserved in all plastid genomes so far sequenced, 21 allowed for some minor modifications, most of which are gene losses or transfers to the nuclear genome (Supplemental Information Fig. 1 , http://www.dna-res. kazusa.or.jp/12/2/07/supplement/supplement f1.html, left side). This arrangement is consistent with the hypothesis that all plastids are originally derived from endosymbiotic cyanobacteria, and are monophyletic 21 (but see Stiller, 2003 22 ). All of the genes in this cluster are located on the same strand, 21 and they have been shown to be transcribed together in the cryptophyte G. theta. 23 However, four of the genes within the G. theta operon (rps12, rps7, tufA, and rps10) are part of the cluster only in plastids derived from red algae. In the cyanobacterium Synechocystis, these genes are found in a cluster flanking a fifth gene, fus, but are not linked to the ribosomal cluster. Similarly, in green and glaucophyte plastids this cluster is not fused to the ribosomal operon, and has undergone additional gene loss. It was proposed that the translocation of the five-gene cluster occurred early after the divergence of the rhodophyte lineage from the green lineage and glaucophytes. 24 This arrangement supports the relationship of chlorophyll c-containing plastids with those of red algae.
The second noteworthy cluster in plastid genomes includes genes involved in diverse functions in the cell, such as ATP synthesis (atpA-I), RNA polymerization (rpoB-C2), and electron transport (petA) (Supplemental Information Fig. 1 , http://www.dna-res. kazusa.or.jp/12/2/07/supplement/supplement f1.html, right side). These genes are encoded on different DNA strands. Many of the genes from this group are scattered throughout the chloroplast genome in the green lineage and glaucophytes. The order of these genes, with some gene losses, is conserved in the red algal plastids, the cryptophyte G. theta, and the diatom O. sinensis cpDNAs, again suggesting that these are closely related plastids. However, in contrast, genes from this group are distributed over six independent regions in the E. huxleyi cpDNA.
Overall, the analyses of gene content, gene order and gene function suggests a close relationship of the haptophyte plastid to the chl c-containing plastids from heterokonts and cryptophytes, although the E. huxleyi plastid is markedly smaller and shows substantial rearrangements. These data are consistent with the origin of the chromophyte plastids from the red algal lineage, but the data neither test nor support the monophyly of the host cells. Relationships among the host cells continue to be partially understood at best.
